Abstract The production of nanoparticles by microsecond spark discharge evaporation in inert gas is studied systematically applying transmission electron microscopy, mobility analysis and BET surface area measurement. The method of spark discharge is of special interest, because it is continuous, clean, extremely flexible with respect to material, and scale-up is possible. The particle size distributions are narrow and the mean primary particle size can be controlled via the energy per spark. Separated, unagglomerated particles, 3-12 nm in size, or agglomerates can be obtained depending on the flow rate. The nanoparticulate mass produced is typically 5 g/kWh. A formula is given, which estimates the mass production rate via thermal conductivity, evaporation enthalpy and the boiling point of the material used. We showed that with gas purified at the spot, the method produced gold particles that were so clean that sintering of agglomerated particles occurred at room temperature. The influence of a number of parameters on the primary particle size and mass production rate was studied and qualitatively understood with a model of Lehtinen and Zachariah (J Aerosol Sci 33:357-368, 2002). Surprisingly high charging probabilities for one polarity were obtained. Spark generation is therefore of special interest for producing monodisperse aerosols or particles of uniform size via electrical mobility analysis. Qualitative observations in the present study include the phenomenon of material exchange between the electrodes by the spark, which opens the possibility of producing arbitrary mixtures of materials on a nanoscale. If spark generation of nanoparticles is performed in a standing or almost standing gas, an aerogel of a web-like structure forms between surfaces of different electrical potential.
Introduction
In recent decades, great research efforts have focused on nanoparticles with a prospect to their potential applications in nanoelectronics, sensor technology, non-linear optics, catalysts, hydrogen storage and solar technology (Borra 2006 ). Due to their large surface-to-volume ratio, quantum mechanic size effects and curvature-induced surface effects, nanoparticles exhibit novel properties, for example lower melting point, higher self-diffusion coefficient, lower effective Debye temperature, higher solid-solid phase transition pressure, decreased ferroelectric phase transition temperature, as well as changed thermophysical properties and size-dependent catalytic activity (Kruis et al. 1998) . Nanoparticles are mainly synthesized through sol-gel processing, but gas phase methods are increasingly applied too. Gasphase synthesis has the advantage of high purity due to the absence of liquid solvents and the higher thermal stability of gases with respect to liquids (Lehtinen et al. 2004 ) makes the approach very flexible. Gas phase synthesis usually delivers crystalline particles, which is desirable for many applications. Another important feature is the fact that aerosol routes for particle production are continuous, whereas liquid processes are usually batch processes. We focus here on one of the most versatile techniques for generation of nanoparticles in the gas phase, namely spark discharge. The method has been introduced in 1988 (Schwyn et al. 1988 ) by a group including one of the present authors (A. Schmidt-Ott) and has been applied by a number of research groups since then without substantial further development (Mäkelä et al. 1992; Horvath and Gangl 2003; Roth et al. 2004; Evans et al. 2003) . The method can be applied to any conductive material including semiconductors. It produces particles very similar to laser ablation (Ullmann et al. 2002) , but is simpler and in contrast to this method it has the potential of being scaled up to produce larger quantities. It has been used also for mixing materials (Evans 2003) and in our opinion further development can make it extremely versatile in producing mixed nanoparticles for applications such as advanced catalysis. No crucible is required, there is no melting point limitation and the method does not require expensive precursors. The same set-up can be used for production of different nanoparticulate materials. The technique has already been used for the production of carbon (Helsper and Mölter 1993) , metals (Schwyn et al. 1988) , and metal oxides nanoparticles (Kim and Chang 2005; Oh et al. 2007 ), but it has insufficiently been studied systematically. The objective of the present study is to gain a better understanding of the method in order to obtain a better judgment of its potential.
Method
The process of spark discharge is initiated by gas breakdown and formation of a conducting channel, and dissociation and ionization of the gas molecules within a very short time. The plasma channel then thermally expands and a shock wave is formed. In the final stage, charge carriers recombine, the plasma cools and the shock wave is attenuated to a sound wave (Reinmann and Akram 1997) . The rapid discharge consists in a current associated with a high temperature (typically 20,000 K (Reinmann and Akram 1997) . Electrode material is evaporated in the vicinity of the spark. This is followed by rapid cooling initially governed by adiabatic expansion and radiation and below the evaporation temperature dominated by thermal conduction. Because the vapour cloud is small compared to other evaporation-condensation processes, the cooling period below the boiling point is relatively fast, and high a concentration of very small particles forms. Figure 1c shows the spark generator that was built in our laboratory for the present project. It consists of a chamber about 300 cm 3 in volume, in which two opposing cylindrical electrodes are mounted at an adjustable distance. The electrodes are 3-6.35 mm in diameter, and the gap between them is adjustable from zero to a few millimetres. They are connected to a high voltage power supply, and parallel to a variable capacitor with a maximum capacitance of 20 nF. A high voltage probe connected to an oscilloscope was used to record the voltage across the spark gap during the discharge. The power supply delivers a constant current, periodically recharging the capacitor after discharge has occurred at the breakdown voltage. The energy dissipated in every discharge is given by the capacitance C and the discharge voltage V d which in turn depends on the electrode gap distance and the pressure. In our measurements, the values of the spark energy E and the charge (CV d ) reached a maximum of 250 mJ and 6.25 9 10 14 electrons/spark, respectively. The former is given by:
At a fixed inter-electrode gap and fixed capacitance, the repetition frequency is determined by the constant current I charging the capacitor and the voltage V d at which the discharge occurs according to:
V d is somewhat higher than the breakdown voltage V b , because the discharge conditions require some time to develop. V b is the voltage at which gas breakdown would occur at very slow increase of the voltage. In the general case V d = V b + V 0 where V 0 is called overvoltage. Thus the repetition frequency is given by:
The values of V 0 are rather unpredictable. This is why we measure the frequency rather than calculating it. The actual time the gas breakdown (formation of conducting channel) requires is sensitive to the electric field and thus V d (Sher et al. 1992) . The ionization process is also affected by gas temperature and pressure, the field configuration, the nature of electrode surface (Naidu and Kamaraju 1995) , and the gas composition including impurities.
Typical plots of the gap voltage vs. time are seen in Fig. 2 . From this figure the spark frequency can be derived. The rising ramp indicates charging of the capacitor with about dV/dt = 2 9 10 4 Vs -1 . Considering the current equation (Eq. 2), and a capacitance of C = 2 nF, this is in agreement with the charging current of 0.04 mA. The rapid voltage decrease that follows is due to formation of the spark. The spark gap then becomes conducting and the discharge characteristic is of a weakly damped oscillation, as seen on the scale of Fig. 2b . This can be explained by the equivalent circuit shown in Fig. 1b , where L is the inductance of the cable used. A fit to the damped oscillation corresponding to this circuit is indicated by the second line in Fig. 2b . The oscillation has a period of 0.38 ls. For a weakly damped oscillator circuit the period is roughly T = 2p (LC) 0.5 . With C = 2nF we get L = 1.9 lH. This is a realistic value given the length and type of the cable used in our set-up. The damping time constant of the fitted curve is s = 0.72 ls. With the formula s = (2L/R) for our oscillator circuit we get R & 5.1 X, if we regard the spark gap as a resistor in an RCL circuit. This indicates that during the oscillatory period we have a hot discharge of very low resistance, and this is consistent with the assumption of weak damping R \ 2(L/C) 0.5 . Note that the assumption of a constant R is a simplification, but the fit agrees well with the measured curve until the measured oscillation stops. The fact the fitted oscillation is not yet damped out at this point indicates that the discharge makes a transition into another mode here. The spikes on the measured curve are a typical indication of this instability. During the oscillatory discharge the energy according to Eq. 1 of E = 3 mJ is released into the spark during time in order of 2 ls with the discharge voltage V d = 1.8 kV.
Note that the timescale of Fig. 2b is much smaller than that of Fig. 2a , which is why the actual oscillation cannot be observed in Fig. 2a . After the strong decrease in voltage associated with the spark discharge, Fig. 2a reveals a period of almost constant, slightly decreasing voltage of *20 ms after the discharge before the next charging ramp starts again. This strange plateau is associated with the power supply (FUG HCN 14-12500) that was used.
The experimental set-up is shown schematically in Fig. 1d . A stream of 0.8-10 lpm inert gas (less than 1 ppm impurities) is directed towards the gap. Part of this stream permanently flushes the inter-electrode gap. This guarantees that all the ions produced in one spark are removed from the inter-electrode gap before the occurrence of the next spark. It has been pointed out earlier that this leads to a constant discharge voltage (Helsper and Mölter 1993) , and our results confirm this (Fig. 2a) . Transmission electron microscopy (TEM), coupled with energy dispersive X-ray (EDX) analysis, were performed on collected samples to study the size, composition, structure and morphology of the particles. Particles were collected on a 3 mm Ni 200 mesh grid at the exit of the generator for electron microscopy analysis. The transmission electron microscope was a Philips CM30T with a LaB 6 filament as the source of electrons operated at 300 kV. A differential mobility analyser (DMA) combined with an electrometer (AEM) built in our laboratory measured the particle size distribution on-line. A bipolar neutralizer ( 241 Am or 210 Po) was used ahead of the DMA to bring the particles into a charge equilibrium, which roughly follows a Boltzmann distribution (Hinds 1999) . Data were acquired on a computer using an analogto-digital converter and a LabView program. Each measurement was repeated at least three times to assure repeatability. The particle mass produced per unit time was measured gravimetrically by collecting the particles on a membrane filter (Durapore). A Mettler AE200 balance with a readability of 0.1 mg was used. In order to reduce the errors in weight measurements, sampling times were long enough to collect several mg of particles. Results and discussion
Breakdown voltage
The breakdown voltage V b has a large influence on the energy delivered to the spark according to Eq. 1. Paschen's law relates V b of a given gas to the product P Á d (Va'vra et al. 1998) , where P is pressure and d is the inter-electrode gap. The spark characteristic is highly sensitive to the shape of the electrodes as well as gas composition, and the presence of electronegative molecules which capture free electrons has a significant influence on the breakdown process. This is why we did a measurement instead of relying entirely on theory. Figure 3 shows the measured breakdown voltages at different inter-electrode gaps for 4 gases. As the distance between the electrodes increases, the breakdown voltage also increases. Pressure increase has a similar effect, as can be seen in Fig. 4 . The slopes for air and nitrogen are steeper than those for argon and helium, thus the sparks in air and nitrogen are more strongly affected by the inter-electrode gaps and the gas pressures. The breakdown voltages for air and nitrogen are higher compared to argon and helium, in agreement with theory. The measured values for air are compared with the Paschen curve showing fair agreement at lower P Á d. The effects of operating parameters on the particle size distributions will be discussed in the next sections keeping the influence of P, d and gas type on the spark energy in mind.
Effect of gas pressure on particle formation
The gases applied here, Ar, He and N 2 , have different physical, chemical and thermal properties (atomic mass, mean free path, thermal conductivity, electronegativity, etc.). For example, particle growth is influenced by the cooling effect of collisions of these molecules with the metal vapour. To obtain a better understanding of the gas effect on particle formation, gold particles were produced under different conditions. TEM micrographs of Au primary particles in nitrogen, argon, and helium at 1 and 2 bars are shown in Fig. 5 . Table 1 lists the geometric mean diameters of the primary particles, their geometric standard deviations and the particle number on the TEM images these values are based on. We define the small round particles seen on the micrograph as primary particles. They have been formed by collision of smaller particles and have undergone complete coalescence. Particles formed at a later stage, when the temperature has decreased below the value allowing rapid coalescence, obtain a non-spherical shape.
Further dilution and cooling by the flowing gas takes place outside the spark gap, where room temperature can be assumed. In the diluted state, more agglomeration may occur before deposition of the particles, because the time available is orders of magnitude longer than the time in the hot zone before dilution. Further agglomeration may occur on the sample holder. Because the particle surfaces are very clean and adsorbate-free, the metal-metal contact has no diffusion barrier and leads to neck formation driven by reduction of surface free energy even at room temperature. This picture is supported by the fact that the surface of particles in the size range of a few nanometres is liquid-like at room temperature (Buffat and Borel 1976) . Our experiments below show that most of the growth of the large aggregates (sintered agglomerates) seen on the micrographs must be associated with cold sintering. This is usually not seen in the coagulation of solid particles and is an indication of extreme surface purity. Comparison of the primary particle sizes with the sizes measured by mobility analysis and findings presented below in connection with varied flow velocity support this model. The size distribution of the primary particles should be fairly representative for the original primary particles, because the collision probability of similarly sized particles hardly depends on size (Hinds 1999) . Thus, the probability of ''not remaining a primary particle'' is quite size independent. It was observed that the primary particles produced under N 2 were somewhat larger than those produced in the other gases. Surprisingly, doubling the pressure from 1 to 2 bars did not have significant effect on the primary particle sizes.
Due to the low energy per spark in He, the particle concentrations were relatively small and could hardly be measured precisely. Typical size distributions of particles produced under Ar and N 2, measured by the DMA below (Fig. 6 ), showed a larger modal diameter for particles produced under N 2 as compared to Ar which is in qualitative agreement with Table 1 . The large aggregates seen in Fig. 5 exceed the sizes typically seen in the DMA spectra by far and therefore must have been formed on the substrate (Gleiter et al. 2001) . Since these are sintered agglomerates (aggregates), this confirms the assumption of sintering at room temperature. The following considerations will give a qualitative explanation for the present experimental findings. At sufficiently high temperatures in the initial phase of particle formation, coalescence is fast enough to form spherical particles. At lower temperatures, where coalescence is slow, particle contact evidently forms atomic bonds under the present clean surface conditions, even at room temperature, and necks between primary particles occur, but the particles formed are non-spherical. The further process of coalescence is so slow, so that the fractal-like aggregate shape is frozen (Swihart 2003) . In the case that is more common than the present one, loose agglomerates are formed, where the primary particles are held together by van der Waals forces. This occurs for most materials, especially where surface oxidation or other adsorbates avoid a direct metalmetal contact. For further understanding of our results, particularly the weak dependence of the primary particle size on pressure, the particle formation process can roughly be described in the following way: The discharge locally heats up the gas to a temperature above 10,000 K in the spark channel. The electrodes are locally heated to above the boiling point on areas of several square micrometres. As in laser ablation, this produces small vapour plumes close to the electrodes that are initially cooled by radiation and adiabatic expansion and subsequently by diffusional mixing with the surrounding cold gas. Particle formation occurs well below the boiling point, where mixing simultaneously reduces the vapour loading and temperature. Because of the extremely high initial temperature, it is certainly correct to state that the plume is initially pure vapour and that particle formation takes place under conditions of ''high loading''. It is easily shown that this would even be the case if cooling would exclusively be due to mixing. Lehtinen and Zachariah (2002) have shown that under high enough volume loading conditions the heat release of colliding particles due to the reduction in the free energy plays a decisive role, because the time for cooling due to collisions with gas molecules is longer than the time between two collisions. This leads to particle heating, which in turn guarantees complete coalescence between collisions. Figure 7 illustrates the process assumed by Lehtinen and Zachariah (2002) , according to which the cooling time s cool is larger than the collision time. Because of the particle heating effect, the coalescence (fusion) time s f, remains smaller than the collision time s c . This guarantees coalescence until s cool drops below s c , because mixing with the cold gas reduces the cooling time and increases the collision time. Another effect continuously increasing the collision time is coagulation itself, of course. When s cool \s c , particle temperature falls and coalescence is stopped. This marks the end of primary particle growth, and subsequent collisions lead to non-spherical particles. According to this model, the final primary particle size thus decreases with higher gas pressure (enhanced cooling) and grows with volume loading. This delivers a qualitative explanation for the weak dependence of the primary particle size on pressure seen in Table 1 : pressure increase leads to a higher breakdown voltage, increasing the spark energy and thus the metal loading. According to Lehtinen and Zachariah (2002) , this favours a larger primary particle size, but the increased cooling associated with the higher pressure evidently compensates this effect. Looking at the dependence of the primary particle size on the type of gas used, the largest particles are produced in nitrogen, because this gas has the highest breakdown voltage leading to higher loading and thus larger particles in agreement with the model. Increase of metal loading via the spark energy by using a higher capacitance leads to the same qualitative results, as shown in Fig. 8 obtained from electron microscopy.
The particle mass production rates at the same frequency, gap distance and capacitance, under different atmospheres at 1 and 2 bars are shown in Fig. 9 . In each measurement the electrodes were carefully wiped off to remove the loose particles and weighed to determine the mass loss. It can be seen that the production rates increase with pressure. This is expected, because the breakdown voltage, and consequently the spark energy, increases with pressure.
Effect of gas flow rate on particle formation
The gas flow rate is expected to influence cooling as well as dilution. Increased gas flow should therefore enhance both the cooling and dilution rate, leading to smaller primary particles. Interestingly, the particle size measured by DMA remains constant when the flow rate is increased beyond 5 L/min, as Fig. 10 shows. We explain this by assuming two different particle growth domains. A high concentration domain between the electrodes, where flow can be assumed laminar, and a low-concentration domain after turbulent mixing with the flow, which takes place after leaving the space between the electrodes. The fact that there is hardly any influence of the flow velocity above 5 L/min is explainable, if particle formation essentially takes place in the high concentration laminar flow region. Here dilution is dominated by diffusion and thus flow independent, and vertical displacement of the particle formation zone has no influence on the process. This means that particle formation is essentially completed in the laminar flow zone, and the particle diameter that develops here is close to the primary particle diameter. After turbulent dilution, the time available for further coagulation is orders of magnitude longer, and the rise of particle size when the flow rates becomes smaller than 5 L/min is attributed to coagulation in the diluted region. From Fig. 11 we infer that the geometric standard deviation of the size distribution is 1.28 for 5 L/min, 1.34 for 3 L/min, and 1.48 for 1.5 L/min. The latter value is in agreement with the self-preserving distribution for spherical particles in the free molecular range, which is 1. and higher for deviations from spherical shape (Vemury and Pratsinis 1995) . Interestingly, the size distribution is narrower for larger flow, i.e. shorter coagulation in the diluted zone. The results thus indicate that the primary particle size distribution is significantly narrower than the self-preserving value. The subsequent size distribution measurements were carried out at relatively high flow rates of argon (around 5-10 L/min), in order to reflect the primary particle growth process rather than cold agglomeration of the diluted aerosol.
Effect of inter-electrode gap on particle formation
The relation between the gap distance and spark energy and the data of Fig. 3 for argon is shown in Fig. 12 . We replaced the breakdown voltage by the discharge voltage, assuming that the overvoltage is small. The spark energy increases with the gap distance, but we expect that energy transfer to the particle production process will be less efficient. To examine the effect of gap distance on the particle mass production rate, the electrode mass losses at different gap distances were measured. The electrode mass loss increased with the gap distance, as shown in Fig. 13 , but the particle mass produced per unit spark energy (kWh) decreased according to Fig. 14. As the gap grows, more energy is necessary to produce the same mass. This is qualitatively understandable, because the spark energy is distributed over a larger volume if the distance is large, and less efficiently used for evaporation of the electrodes. The size distributions of particles produced with different gap distances can be seen in Fig. 15 . As the gap distance grows, the mean diametres of the size distribution curves increase, as the model (Lehtinen and Zachariah 2002) predicts for higher vapour loading. Effect of capacitance on particle formation Since spark energy is directly proportional to the capacitance (Eq. 1), increasing the capacitance results in stronger spark and therefore higher metal vapour loading in particle growth region. Size distributions of particles produced at different capacitances are presented in Fig. 16 , indicating that the modal diametres and particle concentrations increase with the capacitance. TEM analysis results for gold particles produced under N 2 in Fig. 8 qualitatively supports these DMA results.
Variation of mass production rate with the capacitance can be seen in Fig. 17 . The result is consistent with proportionality. This means that with a fixed gap, the fraction of energy that is used for evaporation is constant. The energy per spark can be calculated using Eq. 1, assuming that the residual voltage V 0 is negligible and that the discharge voltage equals the breakdown voltage. Using the constant ratio of the electrode mass loss and the capacitance from Fig. 17 and considering the enthalpy of evaporation for gold (330 kJ/mol) we conclude that about 0.1% of the spark energy is consumed for particle production. This estimation assumes that the entire electrode mass loss is due to material evaporation and ignores the material transfer between the electrodes (see below).
Effect of electrode material on particle formation
While a major advantage of the spark discharge method is its versatility concerning materials, it is clear that the material must have significant influence on the particle formation process. The spark strikes the electrode and electrical energy is transformed into thermal energy, causing local evaporation of the electrodes as in laser evaporation. Thus particle formation is certainly influenced by thermal properties of the electrode material like the boiling point and the evaporation enthalpy. Besides, properties that influence the spark formation and characteristics (Naidu and Kamaraju 1995), e.g. the work function for electron emission have an influence as well as optical properties, determining absorption of the spark's radiation. Size distributions of particles produced from various electrode materials at the same operating conditions were measured with the DMA. As seen in Fig. 18 , the size distributions strongly depend on material. Electrode material loss measurements showed that tungsten possessing the highest evaporation enthalpy per mole was the most spark resistant material, while antimony and magnesium having the lowest evaporation enthalpy per mol showed the highest spark erosions (Fig. 19) . Assuming that the effective area for energy transfer is the area of the hot spots A (m 2 ) on the cathode and anode (Soldera et al. 2005 ), the energy balance around the hot spots can be estimated by the following equation, which relates the eroded mass 
The first term in the numerator represents the effective spark energy, with c e (F) representing the effective gap capacitance and V the breakdown voltage (V). The second term denotes the heat loss from the hot spots by radiation in which T b (K) is the boiling point and b = Art (J K -4) with r depending on the blackness of the metal (for black bodies r is Stefan-Boltzmann constant 5.67 9 10 -8 J s -1 m -2 K -4 ). The time for energy transfer is t. The third term indicates the heat transfer from the hot spots by conduction, in which k is the thermal conductivity (Wm -1 K -1 ) and g = 2(pA) 0.5 t (ms) if (r 2 /Kt) 0.5 \ \1, in which K is the thermal diffusivity (m 2 s -1) and r the radius (m) corresponding to A. T is the steady state temperature (K) far from the hot spot (i.e. ambient temperature). The first and second terms in the denominator represent the energy required to heat the electrode material to the melting point T m (K), with C ps (J g
) the average heat capacity of the solid, and DH m (J g -1) the enthalpy of melting. The third term in denominator is the energy needed to heat the liquid to the boiling point, with C pl (J g -1
K
-1) , the average heat capacity of the liquid, and DH v (J g -1) the enthalpy of evaporation. The evaporated mass is denoted by m (g). The model excludes any chemical reaction and ignores material transfer between the electrodes. The material constants in the equation are known. The constants c e , b and g are assumed independent of the electrode material. Since A and t are not accurately known, we estimate these parameters empirically by fitting Eq. 4 to our measured mass loss data of Fig. 19 . The discrepancies between theory and experiment are large, but it should be considered that the model used oversimplifies the process (Meek and Craggs 1953) . Making the further simplifying assumption that the electrodes are black bodies gives us the values r = 1.5 lm and t = 1.2 ls. Both values are in the expected range.
The analysis implies that thermal energy transfer through heat conduction plays a more important role than radiation. Materials with higher thermal conductivity show less evaporation, because they are cooled more effectively (Szenete et al. 1994) . Equation 4 correctly reflects our results in an approximate sense with respect to heat conduction, boiling temperature and evaporation enthalpy. It can therefore be used to predict the mass production rate for any material at the identical gap distance and spark type.
Effect of spark repetition frequency on particle formation
The particle mass production is adjustable over a wide range by means of the spark frequency, which is given by the electric current via Eq. 3. It can be seen from Fig. 20 that the particle production rate linearly increases with the spark frequency and the production rate can conveniently be controlled through the frequency. This is expected, if the spark energy is independent of frequency and each spark produces particles independently. Figure 21 shows size distributions obtained at different repetition frequencies. The distributions widen with increasing frequency, which indicates coagulation. The particle concentration first rises with frequency but decreases at high frequency. This is explainable by the fact that at higher frequencies more coagulation takes place at high concentration, i.e. before dilution is complete. If coagulation of the primaty particles is to be avoided at increased frequency, this could be done by increasing the flow, in order to reach the plateau as in Fig. 10 .
BET surface areas of collected particles
The high surface area of nanoparticles with respect to their mass is one important reason for the great interest in them from various fields including catalysis and hydrogen storage. A typical size histogram of primary particles obtained from TEM analysis is shown in Fig. 22 . The specific BET surface areas (Rouquerol et al. 1999 ) of particles produced by spark discharge and collected on a filter are listed in Table 2 for a number of electrode materials. We calculated the corresponding diameters by assuming fully exposed spherical particles and compared these with the averaged diameters from TEM analysis. For Cu and W these diameters agree very well and fairly well for Sb. Discrepancies of factors of 2-10 are observed for Pd, Mg and Au. An explanation of these discrepancies is reduction of particle surface area through cold sintering in the BET sample, as observed on the Au TEM samples (Fig. 5) . Another possible explanation is the formation of a small fraction of large particles. Joule heating and ion impact heating cause local melting of the electrodes. Ejection of molten metal from these microscopic pools is possible under the action of electric and/or acoustic fields (Petr and Burkes 1980) , plasma pressure and the pressure created by ion bombardment. According to the erosion model proposed by (Gray and Pharney 1974) , ion bombardment creates a force, acting on molten metal. When the discharge ceases, the unbalanced recoil force is directed outwards from the electrode. Since the surface tension of the molten metal acts against this recoil force, it is of great importance. If the recoil y = 0.0705x force exceeds the surface tension force, the molten droplet will be sputtered, otherwise, it oscillates in the pool and solidifies. Indeed, large, unagglomerated particles have been observed by transmission electron microscopy ( Fig. 23) . It confirms that parallel to the evaporation-condensation process, particle formation by separation of material directly from the locally heated electrode surface may occur. These large particles range from 0.1 to a few microns. The large solidified droplets may form a substantial part of the total mass, and this may (partly) explain the large values determined for some BET diameters. The large particles evidently do not occur in those cases where the BET diameters agree with those determined by microscopy, and we presume that their occurrence can systematically be avoided. Note that the numbers of the solidified droplets were negligible with respect to the nanoparticle numbers and that they are usually not present on the micrographs at the magnifications used. More studies are required to examine the conditions under which the large particles form.
Charge state of the particles
Since plasma is an environment containing electrons and ions, it is likely that the particles produced by spark discharge obtain charge during the synthesis process. Indeed our measurements showed that the spark discharge generator produced charged particles with both polarities. In most cases there was a higher concentration of negative particles than positive particles. Figures 24-27 show the size distributions of gold and silver negatively and positively charged particles exiting directly from the spark generator as well as the size distributions of all particles. The setup used was according to Fig. 1d . The size distributions of the charged particles were determined bypassing the neutralizer and calculated under the assumption that each particle carries a single elementary charge. To obtain the size distribution of all particles, the neutralizer was used. It establishes a well-known equilibrium charge distribution on the particles according to the extended theory by Fuchs (Fuchs, 1963; Wiedensohler and Fissan 1991) and this enables calculation of the size distribution of all particles, regardless of their initial charge. In both cases the concentration of negative particles was larger than the positive particles. This may be attributed to electrostatic precipitation of positive particles to the walls and housing, since in our set-up the positive high voltage was connected to one of the electrodes while the other electrode and the housing were grounded. Thus there is an electrostatic force on the positive particles towards the housing, while the negative particles are repelled and survive with a higher probability. Precipitation of particles to the electrodes also occurs, as can be seen from the deposits. We believe that this happens for particles of both polarities but to a smaller extent than precipitation to the housing, because the inflowing gas rapidly blows the particles away from the electrodes. Figure 25 shows that about 20% of the particles obtain a negative polarity, and for the smallest particles, this percentage even looks significantly higher. This is of great significance in view of electrostatic size classification. This technique suffers from the low charging efficiency of available chargers, and a production technique that delivers a large fraction of charged particles of one polarity is highly desirable. The charging technique most commonly used is bipolar charging, which is precisely what our neutralizer does. In Figures 24 and 26 , the size distributions of positive and negative particles from the spark generator are compared with those when using the bipolar charger. The negative particle yield is 3 times higher, when the original charge from the spark generator is used, and this ratio is apparently still much higher for the smallest particles of the distribution.
Particle losses in the present set-up
From the size distribution data, the mass of the gold particles was estimated. The ratio of this estimation and the gold electrode mass loss was around 5-10%. For gold, silver and palladium electrodes, the particles were collected on membrane filters mounted in an airtight stainless steel holder at the exit of the generator. The ratio of the collected mass and the electrode mass loss was determined to be 22-38%. Thus we lose at least 62% in the generator and in the ducts. These losses are due to diffusion and would be avoidable by minimizing the transport times (faster flow). For the charged particles we believe that electrostatic precipitation in the generator is at least as important. These losses could be reduced by keeping the time mean electric field in the generator 0.00E+00 zero, and this would further increase the charged particle yield of the spark generator.
Material transfer between electrodes
It has been reported that the vaporized electrode material travels into the spark gap in the form of a jet, which is observable via the radiation of the excited metal atoms (Cundall and Craggs 1955) . Material transfer between electrodes can occur when the vapour jet from one electrode reaches the other one. This causes a reduction in the net mass loss (Cundall and Craggs 1955) . This fact should particularly be considered in applications where two compositionally different electrodes are used, because the jet has a mixing effect that can be used for production of bimetallic particles. Efficient mixing of the vapours is possible, if the vapour jets coincide in the interelectrode gap. Figure 28a demonstrates material transfer from the cathode (Cu) to the anode electrode (W). In the course of the spark discharge, electric current is converted into heat and the electrode surface is intensively heated in the area of the discharge channel. This results in the formation of a liquid pool, from where the molten metal either evaporates or is explosively ejected into the surrounding fluid, forming craters on the electrode surface. The latter process forms the large spherical particles, as discussed above. The area of these craters is likely the area of energy transfer (Soldera et al. 2005; Llewellyn Jones, 1950) referred to in the energy balance model above. We observed electrode surface damage for both electrodes, but erosion of the cathode was more intense, as shown in Fig. 28b . This is a well-known phenomenon, which has to do with the fact that positive ions have a larger mass and transfer more energy to the respective electrode than electrons. Another effect supporting the asymmetry is expansion of the plasma diameter at the anode surface, causing a decrease in the local heat flux (Barrufet et al. 1991) .
To study the relative spark abrasion of the electrodes, the mass loss was individually measured for each electrode under approximately constant conditions (Fig. 29) . Noble metals were selected to avoid oxidation. In all cases it was observed that mass loss for the negative electrode was larger compared to the positive electrode.
Aerogel formation
During the synthesis of carbon aerosol at very small or zero flow, web-like assemblies with a very low density and high porosity were formed inside the generator. This self-assembled aerogel is depicted in Fig. 30 length bridged the positive electrode with the grounded housing along the electric field lines. It is likely that particles of both polarities contribute to the formation of these assemblies. This has been proposed in connection with similar observations in a laser ablation generator (El-Shall et al. 2003) . Neutral particles may also be involved in the formation of the assemblies due to dielectrophoresis. Chain aggregates become polarized in the electric field, and if the field is non-uniform a dipole force results. The aerogel remained stable for a long time inside the generator but partially collapsed when removed, as in the previous work (Schleicher and Friedlander 1995) . The fragile nature indicates rather weak interparticle binding forces. Similar assemblies were observed for Pd (Fig. 31 ), Au and some other metallic nanoparticles. Due to the high surface area and porosity, such structures may find applications in the field of catalysis, if stabilization is possible.
In order to study the morphology of the assemblies, samples were taken from different regions for electron microscopy. The micrographs are shown in Fig. 32 . The web-like assemblies contained carbon particles of a few nanometres in diameters and some tube-like structures with interlayer spacing of around 0.342 nm were found at the tip of the electrode, where the peak electric field was about 2 9 10 4 V/cm. According to the quasi-liquid tip model for growth of multi-wall nano tubes (Sugimoto 2000) , carbon neutrals (C, C 2 ) and ions(C + ) deposit on the cathode and since the temperature is very high, they may go through a liquefied state. The electrostatic force (Maxwell tension) exerted on liquid-like particles pulls the surface towards the direction of the field and the tip collects vapour and ions. These strings elongate as long as the field is sustained and carbon vapour and ions are supplied (Sugimoto, 2000) . Thus the short length of the structures in Fig. 32 may be due to the short spark life.
Conclusion
The production of nanoparticles by microsecond spark discharge evaporation has systematically been studied. The method is of special interest, because it is continuous, clean, extremely flexible with respect to material and the mean particle size can be controlled via the energy per spark, which is in turn determined through variable parameters. In contrast to laser ablation, which has comparable advantages, spark generators require only electric power and could be scaled up to produce arbitrary nanoparticulate material quantities by using a large number of electrodes. Separated, unagglomerated particles a few nanometres in size can be obtained, if the inert gas flow through the generator is high enough with respect to the spark repetition frequency. In principle, this enables coating of individual particles, if a vapour deposition step is added. The nanoparticulate mass produced is typically 5 g/kWh.
On the example of gold we showed that with gases purified at the spot, the method produces particles that are so clean that sintering of agglomerated particles occurs at room temperature, leading to branched solid structures. The influence of a number of parameters on the primary particle size and mass production rate has been studied and qualitatively understood. Due to the fast and very local evaporation of material, high vapour loading is achieved for a short time, which makes the model of Lehtinen and Zachariah (2002) applicable. Our findings agree with qualitative predictions of this model, according to which the particle growth process under high vapour loading conditions is strongly influenced by particle heating due to the release of surface free energy in coalescence. The model allows qualitative predictions regarding particle size, when the energy per spark and the gas pressure are varied. When the gas flow rate was sufficiently high, the particle size became independent of the flow rate, indicating that the primary particle production process is shorter than a millisecond and that this process is not influenced by turbulent dilution, which takes place when particle growth is practically completed. At slow flow the gas flow rate does have an influence on the final particle size, but this is due to slow coagulation at room temperature after primary particle formation. Different electrode materials led to different mean primary particle sizes and mass production rates, where thermal conductivity, evaporation enthalpy and the boiling point had a major influence. In some cases, formation of large round particles that have evidently been formed from the liquid phase has been observed. As seen from the comparison between BET surface determination and the nanoparticle size measured by mobility analysis showed that these particles do not form in every case. Presumably, their formation could be avoided by restricting the energy per spark and by design features that have an influence on electrode cooling. Surprisingly high charging probabilities for the negative polarity were measured. The observation that the portion of positively charged particles was smaller is attributed to electrostatic particle precipitation and the fact that one electrode was on positive potential with the other one grounded. If the negative potential would be chosen, this would presumably reverse the dominant particle polarity. The charging yield is very high with respect to charging mechanisms that are applied in connection with mobility size classification. Spark generation is therefore of special interest for producing monodisperse aerosols or particles of uniform size.
Qualitative observations in the present study include the phenomenon of material exchange between the electrodes by the spark. This effect should be studied in the future in view of mixed particle production. The possibility of producing arbitrary mixtures of materials on a nanoscale is of special interest in view of applications in catalysis, hydrogen storage, lithium ion battery electrodes, etc. If spark generation of nanoparticles is performed in a standing or almost standing gas, an aerogel is formed. It has a web-like structure that bridges the space between surfaces of different electric potential. Thus electric fields have a strong influence on this phenomenon.
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